In this section we will develop rigorous analytic equations for the emission\absorption rates implemented in the paper. These calculations are based on the macroscopic QED formalism that is more commonly used to describe the quantized light interacting with atoms, as in [1, 2] , rather than solid state emitters as a quantum well (QW). The creation or annihilation of an electromagnetic field quanta due to an interaction with a QW electron is governed by the interacting Hamiltonian (Eq. 4a in the main text). The states of the electron are written as | , ⟩, where is the QW subband and ℏ is the electron's momentum in the xy plane. The energies and wave function of the states are described in Eq. 3 in the main text. In order to include plasmonic losses into our calculation, we use the Green function formalism for the vector potential of the electromagnetic field,
) ( , , ) ( , ) + h. c. (S1)
where is the vacuum permittivity. This expression incorporates the optical environment (e.g., knowledge of the supported plasmon modes) through the imaginary part of the permittivity and the dyadic Green function ( , , ). The dyadic Green function describes the electromagnetic response in position = ( , , ) and polarization to a dipole excitation in position ′ and polarization (summing over all polarization states as part of the expression), which we can find by solving Maxwell's equations directly. The quantization of the field is done by expanding the vector potential with annihilation (creation) operators ( ′, ) ( ( ′, )) that describe a dipole excitation in position and with frequency .
The expression for the Green function can be described as a superposition of inplane propagating waves (since these modes dominate the interaction with the QW), while taking into account the reflectivity of the geometry. The Green function in the QW side, is assumed to be unchanged by the QW and is expressed as [1] :
where = ( , ), is the plasmon wave vector, = is the vacuum wave vector and ( ) is the conductivity of the 2D material, is the permittivity of the spacer, and . We have assumed that both the GaAs and the InGaAs have the same permittivity, so the Fresnel coefficient is not affected by the QW region. The same formalism stands for every structure, with the substitution of the structure Fresnel coefficient from the graphene layer. In the expression for , , and , we can use the electrostatic limit approximation where ≫ , obtaining = (equivalent to the approximation in the main textthat the confinement factor greatly exceed unity).
Using Fermi's golden rule with the fact that the mediating field is a plasmon (denoted by = ), the emission rate from a specific initial state to a specific final state is given by:
where is the i'th component of the momentum operatore, ℏ is the plasmon's energy, which is also the energy difference between the initial | , ⟩ and final state 
The only complex entity in Eq. (S4) is the Fresnel coefficient, therefore the rates are proportional to Im ( , ) which encapsulates the polariton (plasmon in our case) dispersion including losses and can be found in Figure 1b , while emphasizing that , depends on both the plasmon frequency and graphene's Fermi level . With few manipulations, the transition rate gets the form of:
where = ℏ is the fine structure constant, and is the real part of the graphene conductivity (using the Drude model, with = 0.2 ps). In the lossless limit, → 0, the decay is solely into plasmons and the Lorenzian-like expression in the parenthesis becomes ( − 1).
When observing the plasmon emission or absorption by an electron, one observes not the effect of a single final electronic state but instead the effect of all final states. Thus we integrate over all final states (for each subband separately for now), therefore:
.
We note that the matrix element is now separable between the xy and the z direction:
The matrix element in the xy plane yields conservation of in-plane momentum
where we choose, without loss of generality, = and cos( ) = ⋅ , and a slab of area . In this derivation, we include the conservation of the in-plane momentum also for the plasmonics losses (line broadening) through ≠ 1 terms, while = 1 represents the central wave vector (and the only wave vector in the lossless case). We can express the total emission rate:
To express the absorption rate, the Green function is modified as follows
) . With this replacement, and following the same steps as in the case of emission, we get
The rates for absorption and emission spectral-angular spectra are found by removing the integration over and , and using the following Jacobian , = , , .
The total transition rate between two subbands is found when integrating over all possible initial states with the Fermi-Dirac distribution function ( ),
here, is the effective area in the plane, normalized to yield transition rates per charge carrier, i.e., such that 1 = ∫ d ( ) . We denote that the electronic density of states comes partly from the Jacobian when changing variables from d to , and partly from the wavefunction normalization in the direction. The rates for a single electron in the bottom of the band , as in Figure 2c -f in the main text and in Figure S6 , are calculated by integrating over all angles.
We have neglected competing radiative processes throughout the rate calculations. The main competing non-radiative process is a fast intraband relaxation (e.g., thermalization), which is typically faster than any radiative transition. Non-radiative recombination [4] and competing intersubband transitions via far-field photons were found slower than plasmonic transitions. For the sake of simplicity, we have neglected secondary well-known effects, such as dependence of the bandgap and effective mass on temperature due to electron-phonon interactions. These effects are minor and do not alter the fundamental aspects of the results presented here.
S.2 Transition frequency calculation
This section presents the calculation finding the transition frequencies. The conservation of energy and momentum in the transitions, , − , = ±ℏ and − = ± = ± , allows us to write a quadratic expression (∝ ) for the transition frequency for each , when the confinement factor is constant. We notice that the confinement factor is a linear function of frequency when fixing the graphene Fermi , where is the cutoff absorption frequency.
S.3 Naïve Doppler broadening
This section presents an approximated method for estimating the Doppler broadening due to a finite temperature. This method is faster and easier to use, though it is correct only when the conventional Doppler estimation frequency is close to the real frequency and the rates are equal in all directions (both presented in Fig S9 for low confinements factors). This proves useful in systems of lower polariton momentum, while it is generally incorrect for polaritons of high momentum such as the graphene plasmon case due to the large recoil of the electron. Then, we find that the full nonlocal Doppler broadening is required, as presented in Fig. 4a ,b in the main text.
For a non-degenerate active layer in the QW, the velocity distribution is given by the Boltzmann distribution:
When a QW electron moves with a velocity , its motion will affect the plasmon emission and absorption frequencies through the Doppler shift. As a result, the distribution of plasmon frequencies will be connected to the distribution of electron velocities by the velocity distribution, taken in this naïve approach to be Boltzmann.
Using the conventional Doppler formulas, = 1 − ; = 1 − ; = we obtain the spectral probability distribution:
The broadening of the emission or absorption spectrum is calculated by a convolution process:
We notice that since ( ) is a distribution function, the total integrated rate of plasmon absorption and emission does not change.
S.4 The quantum well (QW) structure
This section elaborates on the QW structure, wavefunctions, and energy levels.
The transitions we address in this paper are between the electronic subbands of a GaAs/InGaAs/GaAs QW with a potential difference = 0.43 eV and an effective mass * = 0.04 where is the free electron mass. In our modeling, we will view the conducting electrons in the QW as mutually independent, neglecting many-body effects [5] . The QW width is chosen to be 12 nm which support three QW energy levels: = 0.041 eV ; = 0.160 eV ; = 0.349 eV. The eigenstates of the QW are described in Eq. 3a,b in the main text. Both the energy levels and the corresponding wave functions are plotted in Fig. S1 . We have neglected any effects that may occur to the QW subbands themselves due to the adjacent graphene layer. One such an effect could be related to a Schottky barrier leakage [6] that may cause an electron leakage.
This leakage is usually only important for very high Fermi levels, and even then, it can be prevented when substituting an hexagonal Boron Nitride (hBN) layer between the graphene and the substrate, since hBN will increase the Schottky barrier even more. 
where we used = + ( is the only operator).
We will now show that below large polariton momentum (such that ≅ 0.1, i.e., plasmonic wavelength comparable to the unit cell size) the second term in Eq. (S10) is negligible. This can be shown by converting the integral over the whole space into an integral over the unit cell and a sum over cells:
Using ( ) = ( ) (since has the same symmetries as the s orbital), we can show the integral is:
where is the zero order Bessel function, ( ) = * ( ) ( ) and the angular integral is found to be negligible for < 0.1. Consequently, the second term in (S10)
will start making a significant change only when ≅ 25 nm (or ~250 in our problem).
With the same manipulations as above, we obtain the expected result for the first term in (S10), ∫ . 
which is exactly the integral calculated in section S.1.
S.5 Calculation the effective [ ] of the quantum well near graphene
The coupling of the graphene and QW creates a tunable nonlocal metamaterial.
Strictly speaking, all materials exhibit intrinsic nonlocal response; in practice, however, this nonlocality is not expressed due to the large momentum mismatch between the probing optical field and the material's electrons (the Thomas-Fermi momentum in metals). In the main text, we find the expression of a QW's intrinsic nonlocality can be enhanced by orders of magnitude, i.e. effectively induced, by coupling with nearby high-momentum polaritons like graphene plasmons.
In this section, we show how the structure enhances the nonlocal effects from the graphene plasmon point of view, through the imaginary part of the graphene plasmons effective permittivity and show its tunability. The effective permittivity we calculate differs from the textbook expression for the nonlocal permittivity of a material (see Grosso [7] Ch. 7) in two important ways. The first difference comes from the breaking of translational symmetry in the z direction, so that we should use the general real-space nonlocal permittivity, ( − , , ; ). Taking advantage of the in-plane translational invariance allows us to write the permittivity in a more conventional momentum space representation as ( ; , ; ). The second difference is that the total field interacting with the QW is a graphene plasmon field rather than a 3D plane wave, meaning that in effect, the permittivity expression we calculate is "averaged over the quantum well" where the weights in the average are specified by the graphene plasmon mode. This is the sense in which the permittivity we calculate is "effective" and "mode- Figure S2 : Confinement factor effect on the non-local imaginary part of the mode averaged effective permittivity. The contribution to the imaginary part of the relative permittivity, due to the interaction with the quantum well, in room temperature and with quantum well Fermi level of 0.1 eV below the bottom of the band. Therefore, the exact contribution depends on the QW electron Fermi energy and the resulting number of electrons in the lowest subband. Notice that each plot is for a specific plasmon wavenumber, meaning that for each frequency there will be a Lorentzian centered in = with a width dependent on the quality factor of the graphene.
S.6 Local description calculation
In this section, we would like to get an analytic expression for the transitions rate and frequency under the local approximation, i.e., without the nonlocal effects. This is done using the dipole approximation, namely, an interaction term of the form ⋅ , which is neglecting the plasmon momenta. For this, we take the zero order of the is a constant that depends on the graphene properties. As expected, there is a symmetry between absorption and emission rates. This result can be used only for very small confinements ( < 5), which is common for example for regular surface plasmon polaritons in bulk metals, but often fails for polaritons in 2D materials.
S.7 Accelerating QW electrons using plasmonic absorption
The conservation of energy and momentum in the absorption process can reduce or enhance the electron momentum, depending on the angle between initial velocity and the propagation of the plasmon. We want to show in this section, that for a simple case of an initial electron in the bottom of the subband, the velocity added to the electron is increasing with the confinement, until reaching the cutoff confinement. We use the semiclassical model in which the conservation laws have the form of * = ℏ ; ℏ = + * 2 , where = , − , is the gap between the lowest energy in each subband. The result of the two equations above is
We see that the condition for the cutoff confinement , , is smaller than the condition obtained for a non-imaginary solution for final velocity: < . The plot of the final velocity as a function of the confinement factor is shown in Fig. S3 , where we also see that up to a large confinement, the final velocity grows linearly with the confinement.
This relation points to a potential application in plasmon detection -by manipulating the plasmons so they propagate in directional way (narrow angular distribution) we can cause a current in the QW in the same direction that could be used as a plasmon detector. Figure S3 : Confinement factor effect on the final electron velocity during absorption. The final electron velocity increases with the confinement factor until reaching the cutoff confinement. We also see that below a confinement of 100, we can use the linear approximation (dashed).
S.8 Plasmonic losses
In order to design an experiment or a device related to the results of our paper, one must consider the effect of plasmonic losses. The connection between the wave number of the graphene plasmon and the conductivity of graphene ( ) is given by [8- 10]:
when the graphene is located between air and a substrate ( ). In our model for the graphene sheet conductivity, we do not take the nonlocal response of the graphene into our considerations. It was shown that the intrinsic nonlocal response of the graphene can be neglected when the field momentum is much smaller than the Fermi momentum (ℏ ), ≪ , which is the case in our work. One way to show that we are in a low momentum regime is to validate that the local RPA model and the Drude RPA model coincide.
The local RPA model, which neglects any nonlocalities in the graphene sheet, yet still takes the interband and intraband relaxation into account, is calculated by:
The Drude model however, is the simplest model for the graphene's conductivity, neglecting the interband and intraband relaxation, and relating to a Fermi energy high enough to neglect temperature-related carrier distribution effects. It is expressed by:
In figure 1b in the main text, we show that the Drude model and the local-RPA model coincide and therefore it is sufficient to use the latter for the analysis of the plasmonic losses (and neglect the nonlocal effects in graphene).
By the use of this simple model, the parameters (such as QW length) relevant to a potential experimental realization could be estimated through the propagation length of the graphene plasmon,
where is the fine structure constant. This expression for the propagation length shows a linear dependence on and on the ratio between the graphene Fermi level and the transition frequency. Another helpful parameter for evaluating the graphene plasmons losses is the quality factor, = / . This parameter evaluates how many wavelengths the plasmon can propagate before a 1/e decay for the amplitude. By using the Drude model, the expression is = , which does not depend directly on other parameters such as graphene Fermi level.
The predicted values for the propagation length and the quality factor are high enough to enable our predictions as we show in the main text, yet they are still quite limited for purposes of manipulating plasmons on the surface over long distances.
Interestingly, there are several developments [11] that use a cryogenic system and hBN encapsulation to enable quality factors of more than a hundred for the frequency ranges discussed in our paper.
Included in the losses is also coupling to particle-hole excitations, impurities, and phonons, through quenching. In principle, one can decompose the energy loss of the electron into these contributions as has been done in [12] . Figure S5 : Confinement effect on transition rate and spectra. Spectral Transition rate of a single electron in the bottom of the initial band for three graphene Fermi levels. As expected, all emission (absorption), described by the solid (dashed) lines, is red (blue) shifted. We use log scale to emphasize the widening of the line opposite to the Fermi level. A low power and high frequency absorption channel is observed as well as the disappearance of the first absorption channel due to an above-cutoff confinement. 
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